Filamin B (FLNB) is a cytoplasmic protein that regulates the cytoskeletal network by cross-linking actin, linking cell membrane to the cytoskeleton and regulating intracellular signaling pathways responsible for skeletal development (Stossel, T.P., Condeelis, J., Cooley, L., Hartwig, J.H., Noegel, A., Schleicher, M. and Shapiro, S.S. Here we show that Flnb deficient mice have shortened distal limbs with small body size, and develop fusion of the ribs and vertebrae, abnormal spinal curvatures, and dysmorphic facial/calvarial bones, similar to the human phenotype. Characterization of the mutant mice demonstrated increased apoptosis along the bone periphery of the distal appendages, consistent with reduced bone width. No changes in the initial proliferative rate of chondrocytes were observed, but the progressive differentiation of chondrocyte precursors was impaired, consistent with reduced bone length. The extracellular matrix appeared disrupted and phosphorylated b1-integrin (a collagen receptor and Flnb binding partner) expression was diminished in the mutant growth plate. Like integrin-deficient chondrocytes, adhesion to the ECM was decreased in Flnb (2/2) chondrocytes, and inhibition of b1-integrin in these cells led to further impairments in cell spreading. These data suggest that disruption of the ECM-b1-integrin-Flnb pathway contributes to defects in vertebral and distal limb development, similar to those seen in the human autosomal recessive SCT due to Flnb mutations.
INTRODUCTION
Filamin proteins regulate the cytoskeletal network by crosslinking actin, linking the cell membrane to the cytoskeleton, and by regulating intracellular signaling and protein trafficking pathways responsible for development (1) . Filamin A, B and C comprise a family of three actin-binding proteins, each sharing the common features of an N-terminal actin binding domain, followed by Immunoglobulin (IG) like repeat domains that contain the receptor binding region at the C-terminus (2) . The proteins are highly homologous, can interact to form both homodimers and heterodimers and likely share similar # The Author 2007. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org functions across various organ systems. FLNA is predominantly found in the brain and blood vessels, FLNB in bone and FLNC in muscle. Insight into the function served by these proteins, however, has been limited to observations based on the human diseases, their expression patterns and isolated cellular and molecular culture studies-in large part due to the fact that null Flna and Flnc mice are embryonic lethal (3, 4) .
Filamin B (FLNB) has been shown to interact with numerous other proteins. These interactors demonstrate great functional diversity including (i) regulation of cortical actin networks through FLNB binding to actin, (ii) interaction with transmembrane receptors and signaling molecules such as filamin binding LIM protein-1 and b1-integrin (5 -7) and (iii) serving as signaling scaffolds with intracellular proteins including presenilin (PS1 and PS2) (8) . Moreover, FLNA is known to be expressed in developing chondrocytes, forms a heterodimer with FLNB (9) and has been shown to bind over 30 cellular interactors (reviewed in 2). Like FLNA, FLNB homodimers probably regulate the actin cytoskeleton through interactions derived from its multiple receptor binding regions, thereby regulating cell stability, protrusion and migration. In this respect, the actin binding protein likely orchestrates many ongoing fundamental cell -cell and cell -matrix interactions during bone development, and which interactions are relevant in organ development remain unclear (reviewed in 10).
To examine the cellular and molecular role of Flnb in skeletal development, we generated a Flnb knockout model in mice. Characterization of the viable mouse phenotype revealed impairments in bone growth, predominantly due to increased cell death along the perichondrium and disruption of chondrocyte progression through and differentiation in the hypertrophic zone-features similar to those seen in the b1-integrin and collagen deficient mice. Moreover, the mutant mice show abnormalities in the extracellular matrix and b1-integrin function. Reduced proteoglycan expression and increased collagen fibril density in the null Flnb mice are consistent with a disruption in the extracellular matrix. Flnb binds b1-integrin and phosphorylation of b1-integrin in the chondrocytes of these mice was diminished. Finally, the impairments in cell adhesion to extracellular matrix proteins seen in cultured Flnb-deficient chondrocytes were further enhanced with inhibition of b1-integrin. Our results show that filamin protein interactions with the extracellular matrix and integrin receptors are necessary components for chondrocyte survival and differentiation.
RESULTS

Loss of Flnb leads to impaired murine growth
Mice that are deficient in Flnb were generated by targeted deletion of exons 3-5 of the Flnb gene using a Neo gene cassette. The homologous recombination caused a predicted frameshift and early truncation mutation (Fig. 1A) . Integration of the Flnb construct into 129 ES cell lines was confirmed by Southern blot analysis (Fig. 1B) . Genotyping of mice were performed by PCR tailing of genomic DNA (Fig. 1B , lower panel) and the graded loss of Flnb protein expression in heterozygous and homozygous mice was confirmed by western blot analysis (Fig. 1D) . Flnb was expressed across the entire growth plate and was absent in the null Flnb mice at embryonic day 16.5 (E16.5) (Fig. 1C) . Genotyping data from the mice breeding studies suggested that a significant portion of the null Flnb (2/2) mice were embryonic or early postnatal lethal. Of the pups born and genotyped within the first week of life, 7.7% were homozygous, 65% were heterozygous and 27.3% were wild-type (n ¼ 297, P , ¼ 0.001 by x 2 test). No differences were observed in the numbers of homozygous male and females born. The homozygous male Flnb (2/2) mice largely appeared healthy and fertile but displayed a stunted growth similar to the dwarfism associated with the human disorders harboring both dominant and recessive mutations in this gene ( Fig. 2A and B) . A similar trend was seen in the female mice, but was not statistically significant. Flnb (2/2) mice also exhibited a reduced growth rate that was captured by comparison of the body weights of littermate wild-type (WT) and null Flnb mice ( Fig. 2B and C) . Given a slower growth rate throughout development, the Flnb (2/2) male mice never reached the comparable size of counterpart adult WT mice (by 8 weeks of age).
Delay in endochondral bone development in null Flnb mice FLNB mutations in humans can cause vertebral, carpal and tarpal fusions, joint dislocations, craniofacial abnormalities, poorly modeled appendicular bones and disharmonious skeletal maturation (11) . We therefore examined the skeletal profile of male Flnb (2/2) mice by histological staining and standardized micro-CT scanning (12) . Skeletal preparations stained with Alizarin red and Alcian blue showed that embryonic day 18.5 (E18.5) Flnb (2/2) mice had hypoplastic cartilaginous skeletons and delayed endochondral and intramembranous ossification, consistent with the overall reduction in body size compared with WT (Fig. 3A) . Micro-CT scans of Flnb (2/2) mice at various developmental ages demonstrated a generalized mottled osteopenia and demineralization of the skeleton (Fig. 3B) . Several of the trabecular and cortical bones (calvaria, patella and appendicular limbs) appeared to be poorly calcified as evidenced by the diminished radiolucency on CT scan. Mice had dysmorphic facial bones and calvaria, and the ribs appeared thin and gracile. In addition, multiple skeletal defects including abnormal fusion of the proximal ribs and fusion of cervical spinal vertebrae were seen in some Flnb (2/2) mice. Other null Flnb mice had exaggerated lower thoracic lordosis and exaggerated thoracolumbar kyphosis. Bone densitometry measurements of the vertebral segments indicated a significant reduction in bone density and ossification (Fig. 3C) in the mutant mice. The reduced bone ossification in the Flnb (2/2) mice was also apparent by von Kossa staining, where the ulna and radius appeared thinned and more fragile (Fig. 3D) . These findings are consistent with a delay in skeletal development.
During skeletal formation, the growth plates (G) of the appendicular bones are composed of chondrocytes in different developmental stages. Each stage is reflected by a different zone, extending from the resting (R), to the proliferative (P) and lastly, to the hypertrophic (H) zones (13) . Chondrocytes transitioning from the resting to the proliferative stage divide, rotate and are pushed longitudinally in columns into Figure 1 . Generation of homozygous Flnb (2/2) mice. (A) Schematic of the genomic wild-type and targeted alleles, and the targeting vector. White boxes represent exons and restriction sites are indicated. In this strategy, the Neo gene cassette replaces exons 3-5, which will cause a frame shift mutation. (B) Southern-blot of genomic DNA from individual ES cell clones. The genomic DNA was digested using the XbaI restriction enzyme. The expected size of the wild-type allele is 11.5 kb and the knockout allele is 9 kb. The asterisks indicate identified recombinant clones. PCR analysis of genomic DNA isolated from mice toe clippings. A 3 kb band amplifying the (NEO) cassette and the 2.6 kb band amplifying (Exon5) allowed for identification of homozygous knockout and wild-type mice, respectively. the hypertrophic zone. These cells subsequently differentiate into hypertrophic chondrocytes and later undergo apoptosis and are replaced by osteoblasts to form bone. Mutations affecting chondrocytes (14 -21), osteoblasts (22 -24) or the bone matrix (25 -27) can all cause dwarfism with shortened bones and skeletal abnormalities, as seen in these mutant mice. We therefore more closely characterized the appendicular bones of the forelimbs in male mice. The growth plates in E16.5 and adult Flnb (2/2) mice were significantly shortened compared with those in WT mice, although no gross changes were appreciated in the structural organization of chondrocytes (Fig. 4A) . Moreover, the greatest reduction in length was observed in the more distal radius, ulna and digital bones, as opposed to the more proximal humerus (Fig. 4B) , consistent with the human FLNB phenotype (11) . Within the growth plate, mutant Flnb (2/2) chondrocytes in the hypertrophic (H) zone, and to a lesser extent in the P zone, were more severely affected, as these zones were significantly shortened in length (Fig. 4C) . Additionally, in situ hybridization of the various collagen mRNAs in the forelimb appendages showed that the bone matrix and proliferative zone in the Flnb (2/2) mice were slightly decreased in length and width by collagen I and collagen II staining, respectively. Collagen X staining confirmed a clear reduction in the length and width of the hypertrophic zone ( Fig. 4D and E). Finally, the boundaries of the Indian hedgehog (Ihh) and parathyroid hormone related protein receptor (Pthrpr) mRNA staining were slightly increased and more blurred in the mutant mice, suggestive of a possible delay in prehypertrophic to hypertrophic chondrocyte differentiation (Fig. 4F) . Overall, characterization of the Flnb (2/2) skeletal abnormalities suggests an early defect effecting hypertrophic chondrocyte differentiation within the more distal rather than proximal appendages.
Chondrocytes lacking Flnb expression undergo increased cell death and exhibit delayed differentiation
To explore the cellular mechanisms underlying the abnormal chondrocyte development, we first evaluated whether there were any changes in ongoing cell death and proliferation within the growth plate. An increase in apoptosis was seen in the H zone of E16.5 radius, as shown by TUNEL (Fig. 5A) . Increased rates of cell death occurred along the periphery of the radius bones within and were seen between E14.5 and E17.5 in the mutant mice. The dying cells were restricted primarily to the perichondral regions, adjacent to the hypertrophic zone. This increase in cell death also paralleled the impaired growth of the bone width in the hypertrophic zone (Fig. 5B) . Furthermore, while proliferation in the P zone of E16.5 radius was largely unchanged (1 h post BrdU injection), the distribution of progenitors incorporating BrdU was shifted toward the resting zone in the mutant mice ( Fig. 5C and D) . This shift away from the H zone coincided with an increase in cell density in the areas more distal to the H zone, consistent with a potential delay in the progression of chondrocyte differentiation and progression through the H zone. To further address this change, we examined the distance traveled by BrdU labeled chondrocytes through the P zone. By 12 h, fewer BrdU positive cells in the null Flnb mice had progressed out toward the H zone (Fig. 5E ). This delay coincided with a decrease in the length of the H zone of the E16.5 radius (Fig. 5F ). Overall, the increased rates of chondrocyte cell death along the periphery of the forming bone would explain the decreased bone width but not the shortening of bone height. Rather, a delay in chondrocyte differentiation would be more consistent with the impaired ossification seen on Alzarin Red/Alcian blue staining, by micro-CT imaging and by von Kossa staining for bone.
Impairments in the extracellular matrix and b1-integrin pathway in Flnb-deficient mice During development, chondrocytes are pushed along the differentiation columns by the increased matrix production and cell proliferation (interstitial growth). In the absence early on of any change in rates of proliferation, disruption of chondrocyte adhesion and proteoglycan synthesis could contribute to a shorter hypertrophic zone. We therefore examined hematoxylin and eosin, von Kossa and safranin-O stainings of the radial bone at various aged mutant and wild-type mice. While no clear changes were seen in chondrocyte rotation and column formation, the histology reflected a delay in the chondrocyte transitions from the proliferative to hypertrophic and ossification zones (Fig. 6A ). For example, the radius of the E14.5 mutant mice has not yet developed an early, definable hypertrophic zone, when compared with the age-matched wild-type mouse (white bar). Furthermore, the ossification zone (black arrowhead), where dying chondrocytes are gradually replaced by osteoblasts/osteoclasts, is more developed in the wild-type mouse at E15.5 on hematoxylin and eosin staining. The von Kossa staining supports this observation as the radius in the Flnb-deficient mutant mouse is both shorter in length and thinner in width than the wild-type mouse at this age. Moreover, a reduction in safranin-O staining for proteoglycans was seen in the mutant mice suggesting a possible disruption in the extracellular matrix. Finally, electron micrographs of the developing bone also show that there was a disruption of the matrix, with prominent closely packed fibrils from E16.5 mutant mice (Fig. 6B) . Collectively, these observations suggest that the delay in chondrocyte proliferation and/or differentiation may reflect some impairment involving the ECM.
Mice with impairments in the ECM or integrin exhibit similar features related to those seen in the Flnb (2/2) mice (14, 25, 26, 28) . Almost uniformly, there is a reduction in the size of the H zone in these mice, presumably reflecting a disruption in chondrocyte differentiation. The size of the prehypertrophic zone is variable and often blurred, as in the null Flnb mice. In addition, b1-integrin is highly expressed in chondrocytes (29) , binds collagen and proteoglycans and interacts with the carboxyl terminal of FLNB (7, 30, 31) . We therefore examined whether some disruption in the ECM-b1-integrin pathway could contribute to the null Flnb mouse phenotype. Consistent with previous studies, we found that GST-b1-integrin was able to pull-down both myc-FLNA and FLNB, expressed in 293 cells and that b1-integrin co-localized with Flnb along the chondrocyte cell periphery (Fig. 7A ). In addition, fewer phospho-b1-integrin (Ser785) positive chondrocytes were observed in the radius of E16.5 Figure 4 . Shortening of distal skeletal appendages due to abnormal chondrocyte and bone matrix development in Flnb (2/2) mice. (A) Hematoxylin and eosin staining of E16.5 distal bone appendages in WT and Flnb (2/2) mice. Growth plates of mutant mice were smaller than counterpart wild-type mice, as shown in the ulna, radius (left lane) and phalanx (right lane). Chondrocyte size and shape were not significantly different between experimental and control mice (middle lane, higher magnification of radius). No abnormalities in chondrocyte rotation and column integrity were seen. (B) Lengths of the humerus, radius and phalanx from E16.5 and 2-month-old adult mice were summarized graphically. The radius and phalanx were significantly shorter in mutant mice. (C) Detailed measurements of the different zones in the growth plates (G) as shown in (A) and (B). The greatest degree of shortening affected chondrocytes within the hypertrophic (H) zone, more so than cells in the proliferative (P) zone. (D) Collagen expression patterns in the ulna and radius of E16.5 WT and Flnb (2/2) mice by in situ hybridization. A reduction in bone matrix length and width, as shown by loss in collagen I expression, was seen in the Flnb (2/2) mice compared with control. The reduction in length of the H zone was confirmed by collagen X staining. A slight decrease in the length of the proliferative zone was appreciated by collagen II staining. (E) The length of the H zone was decreased in both the radius and phalanx of the Flnb deficient mice, when compared with WT mice, by measuring the collagen X-stained bone lengths (normalized to the collagen II stained bone lengths at various mice ages). (F) Increased length and blurring of the boundaries demarcating the prehypertrophic were seen with Indian hedgehog staining (and to a lesser extent with Pthrp receptor staining) in situ hybridization.
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Flnb (2/2) mice (Fig. 7B) . Western blot analyses of dissociated chondrocyte cultures also showed a reduction in phospho-integrin protein expression within the mutant mice (Fig. 7C) . Loss of b1-integrin phosphorylation at Ser785 has been shown to inhibit cell adhesion (32) . Consistent with this finding, Flnb deficient chondrocytes also exhibited decreased adhesion to several extracellular substrates including collagen and fibronectin (Fig. 7D) b1-integrin transfection when compared with either Flnb deficient chondrocytes or WT chondrocytes transfected with the dominant negative b1-integrin alone (Fig. 7E) . These findings suggest that the effects of Flnb and integrin inactivation are additive, and indicate that the two may act together.
DISCUSSION
In the present study, we show that loss of Flnb results in impaired mouse skeletal growth, leading to a smaller body size, shortened appendicular bones as well as thinning of the bones and abnormal bone fusions. These abnormalities result from a delay in chondrocyte development due to a progressive delay in differentiation within the hypertrophic zone, and an increase in cell death along the perichondrium. The null mice also exhibit increased fibril density and decreased proteoglycan expression suggestive of some disruption in the ECM. Physical interactions and functional studies indicate that Flnb binds to and co-localizes with b1-integrin, can impair b1-integrin activation and decrease chondrocyte adhesion along the ECM. Taken in sum, the delayed ossification in Flnb deficient mice may, in part, reflect a similar pathogenesis seen with disruption of the ECM-integrin pathway through loss of cell adhesion, thereby effecting chondrocyte differentiation and anoikis. The complete loss of Flnb function in mice provides a comparative model for the genotype -phenotype correlations seen in humans who harbor recessive mutations in this same gene. The human autosomal recessive spondylocarpaltarsal synostosis syndrome (SCT, OMIM 272460) has been shown to result from the complete absence or truncation of FLNB (11, 33, 34) . SCT has been associated with the unique constellation of findings including shortened stature, vertebral fusions and carpal coalition. More variably loss of gene function can lead to scoliosis/lordosis, joint laxity and rib anomalies (35 -37) . Loss of Flnb in mice similarly results in stunted growth, vertebral fusion and shortening of the distal bones, although no clear carpal coalition was observed. Analogous to the human counterpart, these mice also variably develop abnormal spinal curvature, joint laxity and rib anomalies. Overall, the high degree of genotypic-phenotypic correlation seen between Figure 6 . Impairments in the extracellular matrix coincide with delayed chondrocyte differentiation in Flnb mutant mice. (A) Hematoxylin and eosin stained sections from the radius of various aged wild-type and mutant Flnb mice. At E14.5, the proliferative zone was smaller in the mutant mouse and the hypertrophic zone had yet to form (white bar in the wild-type mouse) when compared with the control. A similar delay was seen at E15.5, where the hypertrophic regions showed diminished length in the knockout mice (black bars) and von Kossa staining for bone also showed decreased ossification (arrowheads). The mineralized portion of the radius in the mutant Flnb mouse is both shorter in length and thinner in width compared with the age-matched wild-type mouse. By E16.5, both the length and the width of the hypertrophic zone are significantly smaller in the mutant Flnb mice. This impaired growth is further confirmed on safranin-O staining for proteoglycans, demonstrating a smaller hypertrophic zone. The safranin-O staining in the Flnb (2/2) mice was also significantly weaker suggesting a disruption in the proteoglycan ECM. (B) Electron micrographs of the matrix compartments of wild-type and mutant growth plates at the E16.5 stage. The collagen fibril density was increased in Flnb (2/2) mice compared with that in wild-type. These findings also suggest that there is a disruption of the ECM. Scale bar ¼ 500 mm. (11, 33, 34) . While segregated into distinct syndromes, these disorders share clear overlapping features. All of the dysplasias are characterized by short stature, either shortening/tapering or absence of the skeletal bones, and multinucleated giant cells. While Flnb deficient mice do develop short stature and shortening of the skeletal bones, these mice do not exhibit complete absence of skeletal bones or multinucleated giant cells, suggesting that disruption of the calpain homology 2 domain and IgG-like repeats 14 and 15 likely result in some gain of function. Moreover, the mutant mice largely do not share the distinguishing features for each of the particular syndromes. The null Flnb mice do not exhibit the short, bowed and rigid limbs and multinucleated giant cells seen in BD (33, 38) , the tapering of skeletal bones in AOIII, the complete absence of skeletal bones in AOI (39) and the recurrent joint dislocations in LS (although they do appear to have pelvic laxity seen during birthing) (40, 41) . As FLNB serves largely as a scaffold that regulates interactions between proteins and the actin cytoskeleton, specific point mutations in the gene may disrupt the regulation of particular pathways and result in both gain and loss of function.
Recent studies have reported the generation of another Flnb-deficient mouse produced by gene-trap insertion, and these mice exhibit clear differences in phenotype in comparison with mice generated in these experiments (42) . Fewer than 3% of the Zhou et al. mice survive to term and they display severe skeletal and vascular malformations, not seen in the current studies. Several factors may account for these discrepancies in phenotype. The Zhou et al. mice were generated from a mutant embryonic stem cell line containing an in-frame, insertional mutation at intron 20. In this gene-trap approach, it is likely that a truncated protein is formed (containing exons 1-19), leading to a potential gain of function. In contrast, the Flnb-deficient mice used in the present studies were specifically designed to produce an early truncation mutation (prior to exon 3) and a loss of function. Differences in genetic background (BCB085 strain 129/ Ola Â C57BL/6 in the Zhou et al. mice and 129/SvEv Â C57BL/6 in the current mice) may provide an alternative explanation as well. Interestingly, the current Flnb mutant mice share greater similarities to the human autosomal recessive SCT disorder, whereas the Zhou et al. mice appear to exhibit more severe phenotypes with early embryonic lethality, potentially more representative of the autosomal dominant FLNB human disorders. In addition, the Flnb mutant mice in the current experiments do not appear to exhibit any vascular defects but mutations in Flna have been shown to result in a vasculopathy and embryonic lethality. A potential Flnb gain of function could alter previously reported interactions between Flna and Flnb (18) , disrupt Flna function and contribute to abnormalities in blood vessel formation.
Loss of filamin function in general contributes to abnormalities in skeletal development. Recent studies have shown that Flna-deficient mice have a sternum defect with a failure to fuse during embryonic development. Moreover, mutant males and some carrier females develop incomplete fusion of the palatal shelves leading to a cleft palate (3, 4) . While the Flnb-deficient mice do not develop these same abnormalities, these mice exhibit delays in endochondral development, primarily leading to a progressive dwarfism in males. Shortening of the distal appendages, thinning of these bones and abnormal fusion of the spinal vertebrae are the most prominent features seen with loss of Flnb gene function. Interestingly, Flna may play a greater role in intramembranous bone formation, given the defects seen in the palate, whereas Flnb appears to regulate endochondral ossification. This distinction is consistent with their partial non-overlapping patterns of expression. Flnb but not Flna is expressed within the early proliferating chondrocytes. Flna is more restricted to the hypertrophic zone chondrocytes and osteoblasts/osteoclasts.
Several observations support interactions between the integrin and filamin proteins. Consistent with our findings, Flna and Flnb have been shown to bind to b1-integrin (7, 43) . Disruption of Flna and b1-integrin interactions also appear to alter membrane protrusion and migration (43) , suggesting that inhibition of Flnb function could result in a similar loss of function through b1-integrin. Although Flnb deficient mice show no clear abnormalities in myogenesis (data not shown), overexpression of Flnb and binding of Flnb to integrins are suggested to promote myocyte fusion, differentiation and formation of myotubes (7) . Moreover, many of the same chondrocyte defects seen in the Flnb deficient mice mirror those seen following inhibition of b1-integrin. Loss of a5b1-integrin inhibits prehypertrophic chondrocyte differentiation (44) . Blockade of b1-integrin leads to altered collagen deposition, smaller chondrocytes and increased apoptosis (45) . Loss of integrin-linked kinases and b1-integrin also cause defects in adhesion, failure to spread and abnormal shape (28, 46) . The current studies also clearly show a decrease in b1-integrin phosphorylation at Ser785, which has been implicated in cell adhesion following phosphorylation. That said, the null b1-integrin chondrocytes show impairments in chondrocyte rotation, aberrant column formation and increased cell death within the proliferative zone; findings not observed in the Flnb mutant mice. The absence of these findings could reflect the fact that the Flnb mice do not appear to be severely affected as the b1-integrin deficient mice. This mitigated phenotype would be consistent with the observation that the filamin proteins likely serves as a scaffold to help anchor the integrin receptors near the cell surface, and loss of this function would not likely lead to complete loss of integrin function. Overall, Flnb may serve to transduce interactions between the ECM and integrins onto the actin cytoskeleton and thereby regulate chondrocyte differentiation.
While the Flnb mutant mouse show clear abnormalities in the ECM and chondrocyte adhesion, the disruption of filamin-integrin interactions likely account for only part of this phenotype. In the current study, the null Flnb chondrocytes adhere poorly to many substrates, even those that do not depend on b1-integrin. One possible explanation, according to an inside-out signaling model for integrin activity, is that inactive, low affinity receptors are clustered through interactions with several cytoskeleton molecules such as actin, myosin and filamin. After ligand binding to integrin, these receptors could become activated with increased affinity for ECM ligands (47) . This may place the cytoplasmic domain of b1-integrin as a key effector in establishing cell contacts, while its binding partners such as filamin regulate these activities. In this model, integrins could establish adhesion even though some of the ECM ligands may not function directly through the receptor. However, it is equally likely that filamin serves as a scaffold to other receptors involved in cell adhesion and disruption of this scaffolding leads to altered cell -matrix contacts. In this regard, the filamin proteins have already been implicated in modulating the endocytosis of different receptors (48) . Similarly, the diminished safranin-O staining and closely packed fibrils seen in the mutant mice would indicate a problem in the proteoglycan ECM. While this abnormality may partially reflect problems in integrin to ECM signaling through Flnb, it remains to be seen whether filamin directly or indirectly affects proteoglycan glycosylation and/or secretion.
Mechanisms behind some phenotypic features observed in the null Flnb phenotype remain to be answered. It is unclear why female Flnb (2/2) mice are not as severely affected, although potentially their inherently smaller size may limit the distress placed on skeletal growth. Alternatively, functional redundancy from the X-linked Flna gene and its interactors may be different in females than in males (49) . Factors leading to increased cell death are also not well understood. Flnb may help maintain cell -extracellular matrix contacts that facilitate chondrocyte survival through the integrin-dependent FAK/PI3K/Akt or MAPK pathways (11) . Thus, the disruption of b1-integrin binding to Flnb (2/2) chondrocytes could partly account for the increased apoptosis in chondrocytes along the bone collar, although the increased cell death is not seen elsewhere. Furthermore, the skeletal defects appear less severe than that seen with the b1-integrin deficient mice and some of the phenotypic findings (fused vertebrae and ribs, abnormal spinal curvature, embryonic lethality) are variable, although this appears to be the case in humans with FLNB mutations as well. These differences may arise from compensatory interactions with other integrins (the integrin adeficient mice have less severe skeletal abnormalities presumably from involvement of the b-integrins), and the heterodimeric interactions with Flna, which is also found in bone. Alternatively, Flnb likely binds to numerous other factors in its regulation of the actin cytoskeleton and these interactions may offset parallel pathways involved in skeletal development. Finally, the increased staining for Ihh and Pthrp receptor would generally suggest an increase in the prehypertrophic chondrocytes that are committed to becoming hypertrophic chondrocytes, thereby leading to an enlargement of the H zone. The mutant mice, however, clearly show a delay in endochondral calcification and a reduction in the length of the H zone. Mechanistically, this discrepancy could be explained by loss of Flnb function in altering or delaying chondrocyte terminal differentiation and cell fate at the prehypertophic/hypertrophic boundary as has been seen with blocking of a5b1-integrin (44) . Alternatively, loss of Flnb could also disrupt the chondrocyte progenitors and the negative feedback mechanisms that regulate their proliferation and initiate the differentiation pathway.
The developmental defects seen in the various filamin deficient mice do provide a context with which to view filamin-dependent mechanisms. The null Flna mice exhibit aberrant vascular and skeletal patterning with disruption of the endothelial organization and adherens junction formation. These defects may in part be attributed to plexinD1 and ephrin-B1/B2 interactions with Flna which may act downstream of these receptors to regulate cell -cell contacts and adherens junction formation (Feng and Walsh, personal communications). This possibility is consistent with the observation that mutations in ephrin-B1 result in a similar skeletal disorder, craniofrontonasal syndrome (49) . The null Flnb mice also demonstrate abnormal skeletal development with disruption of cell adhesion and spreading, partially through interactions between Flnb and b1-integrin, again suggesting that Flnb may act downstream of this receptor to regulate cell -cell contacts and chondrocyte morphology. Interestingly, the RhoGTPases such as Cdc42 and Rac have been shown to regulate or interact with both ephrins and integrins, and also to bind the filamin proteins (50 -52) . Moreover, the null Flnc mice show severe defects in myogenesis and myotube structure, which were similar in phenotype to the filamin-interacting, guanine exchange factor (GEF) TRIO (3, 53) and these GEFs appear to modulate the RhoGTPases by binding filamin. Taken in sum, these observations would suggest an overriding model, whereby the signals from various surface receptors are mediated through the filamins, which in turn, regulate RhoGTPase activity through GEFs and lead to changes in actin polymerization. These various pathways involved in regulating the cytoskeleton provide a basis for the diverse phenotypes caused by loss of function of the filamin proteins.
MATERIAL AND METHODS
Only male mice were analyzed given the findings from the size and growth parameters observed on initial characterization. Despite the absence of clear growth and size differences, skeletal defects such as vertebral fusions and joint laxity were seen in the female null Flnb mice. All studies used greater than three mutant and three age-matched wild-type, littermate mice. 
Body weight and growth curves
Five litters of mice from heterozygous matings were pooled and whole body weights were recorded in mice at 8 weeks of age. One wild-type, heterozygous and homozygous male mice each from the same litter was recorded every 2 days until 8 weeks old. The growth rate was calculated according to Wang et al. (19) as p(1 2 p)A/C, where p ¼ weight/A, A is the maximal weight for each individual mouse, C is a measure of relative growth rate, the difference of the numbers of days when the weight change from 1/2A to 1/(1 þ e 2 1)A.
Micro-CT scan and measurement of Hounsfield units
Mice were sacrificed, perfused in 4% paraformaldehyde and scanned by micro-CT to evaluate bone structure and density changes using an eXploreLocus MicroCT (GE Healthcare London, Ontario). Hounsfield units were measured using the standard 2D Quantitative CT (QCT) methodology of measuring the densities of vertebral bodies T12 through L3. Regions of interest over the vertebral bodies were obtained using Efilm 2.1, using DICOM data generated from the CT scans. One millimeter axial images were utilized when available; when original axial images were unavailable, 1 mm axial images were generated through 3D multiplanar reconstruction. The CT scanner was initially calibrated to known bone and water standard densities. Thereafter, standards of known density were not imaged along with each set of mice. However, scans of homozygous, heterozygous and wild-type mice were performed simultaneously when size permitted. All images were obtained on the same scanner within a short period of time (hours) such that internal comparisons would be valid. An observer, blinded to the genotype of the mice, made the bone densitometry measurements.
Skeletal staining and histology E18.5 embryos from wild-type and mutant mice were skinned and eviscerated, then dehydrated in 95% ethanol overnight, and acetone overnight; the embryos were then stained with Alizarin red (0.005%) and Alcian blue (0.015%) in a solution containing ethanol, glacial acetic acid and water (60:5:35) at 378C overnight. The stained embryos were then transferred to1% potassium hydroxide solution for 2 days to dissolve the soft tissue; the cleared skeletons were preserved in glycerol (54 
In situ hybridization
Section in situ hybridization with digoxigenin labeled probes was performed as described (55) . The collagen I, II and X, Ihh and Pthrp receptor probes have been previously described and were kindly provided by Bjorn Olson and Clif Tabin laboratorys.
Western blot
Proteins were extracted from liver or primary cultured chondrocytes from wild-type and mutant mice by previously described methods (9) . Briefly, cells were solubilized in lysis buffer, separated on a 7.5% SDS -PAGE gel and transferred onto PVDF membrane. The membrane was probed with the appropriate antibody (FlnA/B Ab courtesy of Drs Stossel and Hartwig; Integrin b1: Affinity Bioreagents, pSer785) and detected by enhanced chemiluminescence.
Analysis of chondrocyte progression through the hypertrophic zone
Both experimental and control pregnant E16.5 -E17.5 mice received intraperitoneal injections of BrdU(Roche) at 100 mg/kg body weight. Animals were sacrificed 1 -12 h after BrdU injection, the forearms were dissected and cryosections were collected. The sections were then stained with BrdU primary antibody, biotinylated-anti-rat secondary antibody and streptavidin-HRP/Alexa Flur 488 tyramide (Molecular Probes). Rates of proliferation and progressive differentiation toward the hypertrophic zone were quantified in the radius bones. The rate of proliferation was assessed by counting the number of BrdU cells relative to the total number of cell nuclei seen under Hoechst nuclear staining within the resting, proliferative and prehypertrophic zones. The longitudinal areas of the resting and proliferative zones were divided into four equal areas to assess for differences in proliferative within the different zones for the mutant and control mice. In most instances, the lengths of the resting and proliferative zones were similar for the control and experimental mice. The rate of chondrocyte progression and differentiation through the hypertrophic zone was gauged by quantifying the number of BrdU positive chondroctyes within each of the four areas relative to the total number of BrdU positive cells at 12 h post-injection. At least five sections were counted for each animal and 3 -5 animals were used for each assay.
GST protein interaction assay for b1-integrin and FlnB
GST-b1 integrin and empty GST vector were transfected into DH5a, expanded in 100 ml LB medium induced by IPTG (0.3 mM). The bacteria were collected by centrifugation and sonicated in 10 ml ice-cold 1Â PBS, 1Â proteinase inhibitor and 1% Triton X-100. Glutathione -Sepharose 4B beads were equilibrated in PBS and mixed with one volume of bacterially expressed GST fusion proteins on a rotary shaker for 60 min at RT. The beads were washed three times with 10 volumes of PBS and equilibrated in washing buffer [20 mM Hepes (pH 7.9), 100 mM KCl, 5 mM MgCl 2 , 0.2% Nonidet P-40, 2 mM phenylmethylsulfonyl fluoride, 10 mg/ ml aprotinine). Two hundred microliters of a bead slurry was combined with 1 ml of cultured 293 cells transfected with myc-FLNA (amino acid 2163-2647) or myc-FLNB (amino acid 2121 -2602) pcDNA4 constructs. The beads were then washed five times with 20 volumes of washing buffer, and the bound proteins were eluted by boiling in Laemmli SDS -PAGE loading buffer and subjected to SDS -PAGE. Bound proteins were visualized by western blotting.
Chondrocyte cultures
Primary chondrocytes from growth plates of newborn mice were prepared according to the Lefebvre's protocol (56) . Briefly, the growth plates of radius and ulna were dissected from P7 mice, minced and washed in cold Hanks buffered saline solution, and placed in 0.2% Collagenase Type I (Worthington, Lakewood, NJ) solution in DMEM at 378C for 2 h. Soft tissues were detached from cartilage by repeated pipetting; the sediment cartilage was further digested with 0.2% Collagenase I for 6 h. The dissociated cells were then passed through a cell strainer to isolate single cells and were plated at feasible density in DMEM with 10% FBS. The cultures were maintained in a 378C/5% CO 2 incubator for 2 days prior to analysis for adhesion and loss of integrin function through transfection experiments. Transfections of the dominant negative b1-integrin construct (courtesy Dr Robert Burke) were performed using lipofectamine (Invitrogen) according to the manufacturer's suggested protocols. The construct includes the full-length hemagglutinin extracellular and transmembrane domains, followed by GCCATGGCG and then the amino acids KLLM of the Xenopus b1-integrin cytoplasmic tail. This sequence is cloned into a pCMS-EGFP vector (57) .
Cell adhesion assay. The cell adhesion assay followed manufacturer's protocols (Chemicon ECM cell adhesion kit). Wildtype and Flnb 2 /2 chondrocytes were plated in 96-well plates (Chemicon) coated with different adhesion ligands (collagen I, collagen II, collagen IV, fibronectin, laminin, tenascin, vitronectin), incubated in a 378C/5% CO 2 incubator for 2 h. The culture medium was discarded and the cells were gently washed with assay buffer, stained with cell staining solution and incubated for 5 min, followed by washing with deionized water three times. The absorbance was determined at 550 nm on a microplate reader. Three replicates were performed for each ligand.
For determination of cell areas following transfection, chondrocytes were stained with phalloidin to assess the actin cytoskeleton. Random areas were then captured by digital fluorescence microscopy, and the cellular area of chondrocytes was circled according to phalloidin-stained boundaries and measured using NIH Image J software. At least 50 cells are measured for each sample, and three replicates performed for each treatment.
Electron microscopy
Electron microscopy studies followed previously described methods (58) . The upper limbs from wild-type and mutant mice were dissected after perfusing animals with EM fixative (4% sucrose, 2.5% glutaraldehyde and 2% paraformaldehyde in piperazine diethanesulfonic acid buffer). Samples were osmicated with 1% osmium tetroxide, washed with PBS and washed with distilled water. Pellets were then placed in 1% uranyl acetate at room temperature, washed in distilled water and serially dehydrated in ethanol. One milliliter of propylene oxide was placed in each sample and then replaced with a 1 ml mixture of polypropylene oxide and accelerated Epon-Araldite (1 : 1, vol/vol). The solution was replaced with 1 ml Epon-Araldite and placed in a 608C oven overnight. Sections were cut at 50 -100 nm, stained with uranyl acetate and lead citrate and examined with a transmission electron microscope (JEOL, Peabody, MA).
